Eperythrozoon suis is an extracellular red blood cell parasite that causes icteroanemia in acutely ill pigs and a variety of syndromes in chronically infected pigs. Current techniques to detect E. suis infection are limited by variability of parasitemias and antibody responses in infected animals. The polymerase chain reaction (PCR) was investigated to determine its potential as a means of detecting E. suis infection in pigs. With DNA samples extracted from either purified E. suis organisms or E. suis-infected pig blood, PCR produced an amplification product 492 base pairs in length. This amplification product hybridized successfully with the fragment of the DNA probe from which the primer sequences had been selected. Sensitivity studies indicated that the PCR protocol was capable of amplifying total genomic E. suis DNA in quantities as low as 450 pg. When PCR was used with DNA from blood samples from a splenectomized pig that had been infected with E. suis, amplification products were detectable as early as 24 hours postinfection. This preliminary analysis indicates that PCR shows promise as a means of efficiently detecting E. suis infection in pigs.
The lack of an effective means of diagnosing acute and chronic E. suis infections has resulted in controversy about the true impact of the disease on the swine industry. An efficient diagnostic test that will detect clinically ill animals and the chronic carriers that serve as reservoirs of disease is needed.
A DNA probe for E. suis has been developed and was successful in detecting E. suis DNA extracted from the blood of experimental pigs? In DNA hybridization experiments, including DNA extracted from several blood parasites of various species, this probe (KSU-2) Diagnosis of eperythrozoonosis is complicated by was specific to the E. suis organism. When hybridized lack of readily identifiable parasitemia in latent and to DNA extracted from the blood of E. suis-infected chronic infections, 20 rapid loss of parasitemia at the time of onset of clinical signs in acutely ill pigs, 18 and splenectomized pigs, the KSU-2 probe was able to detect E. suis infection at 7 days postinfection, which lack of sensitive and specific laboratory tests for the roughly coincided with the appearance of clinical signs organism. and parasitemia detectable by blood smear analysis. Serologic tests for eperythrozoonosis include an in-Although the KSU-2 probe was capable of specifically direct hemagglutination (IHA) test 15 and an enzyme-detecting E. suis in acutely ill animals, it was unable linked immunosorbent assay (ELISA). 5 The ELISA has to detect infection during the prepatent period (days been reported to be superior to the IHA test in sen-1-6 postinfection). sitivity; 5 however, both of these tests share limitations Two hypotheses have been generated to explain this because of the nature of the antibody response to E. inability to detect E. suis prior to day 7 postinfection. suis in pigs. Young pigs (< 12 weeks) and boars have The first hypothesis is that during the prepatent period, lower titers to the organism, 14 and the titers tend to the E. suis organism is sequestered somewhere within Because of its ability to amplify single copies of target DNA up to several million times 2 the polymerase chain reaction (PCR) was chosen as a means of addressing the second of these hypotheses. DNA sequences from KSU-2 DNA were used as E. suis-specific primers in a PCR protocol to amplify E. suis DNA from the blood of infected pigs. The amplification products were subsequently detected by DNA hybridizations using the KSU-2 DNA as a probe.
Materials and methods
Primer selection. The previously described E. suis-specific DNA probe (ISSU-2) 8 was cleaved into 2 fragments (2.3 and 2.9 kb in length) by BamHl. a The 2.9-kb fragment was subcloned into pBluescript b and sequenced using a dideoxy chain termination method. 11 The sequences were entered into a primer selection computer software program, c and 2 20-mer primers were selected that would theoretically yield a 492base pair (bp) amplification product. The primers were synthesized using standard phosphoramidite chemical methods d lyophilized, resuspended in TE buffer (10 mM Tris-HC1 [pH 8.01], 1 mM ethylenediaminetetraacetic acid [EDTA]), and purified in a Sephadex-GSO column; e then the DNA concentration was quantitated (A 260 , A 280 . Primers were diluted to 20 µM in TE buffer and stored at -20 C.
Template and probe preparation. The DNA used as the initial template for optimizing the PCR protocol was from KSU-2. The KSU-2 DNA originally cloned 9 in lambda gt 11 was subcloned into pBluescript and propagated in JM109 Escherichia coli. The plasmid was excised by EcoR1 a and resolved by electrophoresing on 1% low-melting-temperature agarose gels (30 V, 4 hr). The fragment (KSU-2) was excised from the gel and recovered in TE buffer using a phenol-freezefracture method. 1 Fifty-nanogram aliquots of KSU-2 DNA were diluted in 20 µ1 of TE and stored at -20 C for future use as probes and templates. KSU-2 DNA used as probe was labeled by random priming f using [α− 32 P ]dCTP (3,000 Gi/ mM). g Eperythrozoon suis-infected blood was obtained by inoculating splenectomized pigs with E. suis as previously described. 8 At maximum parasitemia, blood samples were collected in vacuum tubes containing EDTA and stored at -70 C. Purified E. suis organisms (pES) were obtained as previously described 3 and stored at -70 C. DNA was extracted from both whole blood and pES using a modified quick boil method. 17 One hundred microliters of blood or pES were combined with 200 µ1 of sterile distilled water and heated to 100 C for 5 min. The lysate was cooled briefly and phenolchloroform extracted, and the DNA was ethanol precipitated. The DNA was suspended in 100 µ1 of sterile distilled water, quantitated (A 260 , A 280 ), and stored at -20 C.
DNA samples isolated from the blood of pigs presumed to be E. suis-negative via blood smear analysis and/or IHA testing were utilized as negative controls; however, because of the inability to ensure that any given pig was free of undetected E. suis infection, additional negative controls consisting of DNA from blood of clinically healthy cats were utilized. The cat blood was collected in EDTA and processed as described above.
Polymerase chain reaction. The DNA amplification protocol utilized 100-µ1 reaction volumes in PCR reactions that were run on an automated DNA thermal cycler. h The PCR reagents were used according to the manufacturer's recommendations, i and reaction mixtures contained 10 mM Tris-HC1 (pH 8.3), 50 mM KCl, 200 µM each of the 4 deoxynucleoside triphosphates, 1 µM of each primer, 2.5 mM MgCl 2 , 2.5 units of Taq DNA polymerase, and 10 µ1 of template. One nanogram of KSU-2 was used as a positive control DNA template when amplifying DNA from blood samples or pES lysates. Optimization of MgC1, concentration was obtained by using concentrations of MgCl, ranging from 1.5 mM to 4.0 mM in initial reaction mixtures and comparing the intensity of the products on ethidium bromide-stained agarose gels.
Reaction mixtures were overlaid with 1 drop of mineral oil, denatured at 94 C for 3 min, annealed at 37 C for 1 min, and extended at 72 C for 1 min for 2 cycles, followed by 25 cycles of 94 C for 1 min, 37 C for 1 min, and 72 C for 1 min. Following the last cycle, the mixtures were incubated at 72 C for 5 min and stored at 4 C. Optimization of this protocol was accomplished by varying the denaturing temperature and time (92-94 C for 3-5 min), annealing temperature (37 C, 45 C, 55 C, and 60 C), and extension temperature and time (60 C and 72 C) and comparing the intensity of the products on ethidium bromide-stained gels.
Electrophoresis and DNA hybridizations. Amplification products (25 µ1 of each sample) were loaded onto 1% agarose gels and electrophoresed at 100 V for 45 min. The gels were stained with ethidium bromide and visualized by ultraviolet illumination.
The gels were incubated in denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 30 min then washed in neutralization solution (1.5 M NaCl, 0.5 M Tris-HC1 [pH 7.2], 1.0 mM EDTA) for 30 min. The DNA was transferred from the gel to nylon membranesi by capillary transfer! Following transfer, the DNA was cross-linked to the membrane by ultraviolet illumination. k The membranes were placed in prehybridization buffer (50% deionized formamide, 10 mg/ml glycine, 0.1% sodium dodecyl sulfate [SDS], 0.5 mg/ml denatured salmon sperm DNA, 50 mM NaPO, buffer [pH 6.51, 5 x Denhardt's solution, 6 x standard saline citrate [SSC]) and incubated for 1 hr at 42 C. The prehybridization solution was removed, and hybridization solution (50% deionized formamide, 0.1% SDS, 0.1 mg/ml denatured salmon sperm, 20 mM NaPO, buffer [pH 6.51] 1 x Denhardt's solution, 6 x SSC) was added. Radiolabeled KSU-2 was denatured at 95 C for 5 min and added to the hybridization solution. Membranes were hybridized overnight at 42 C, washed (twice with 2 x SSC, 0.1% SDS; once with 0.1 x SSC at 42 C for 30 min), air dried, and exposed to autoradiography film 1 at -70 C.
Dot-blot analysis of amplification products. Seventy-five to 80 µ1 of the amplified PCR reaction mixture were diluted with 200 µ1 of TE buffer and blotted onto nylon membranes using a dot-blot vacuum manifold apparatus. m The membranes were denatured for 7 min, neutralized for 7 min, air dried, and cross-linked by ultraviolet illumination. Membranes were hybridized with the KSU-2 probe as described above. Isolation and purification of the PCR product. Twentyfive microliters from each PCR reaction containing amplified product were loaded onto 1% agarose gels and electrophoresed at 100 V for 45 min. The gels were stained with ethidium bromide, and the amplification products were visualized by ultraviolet illumination. The amplification products were purified from the gel n and stored at -20 C. The purified amplification product was subcloned into pBluescript and sequenced using a dideoxy chain termination method. 11 Amplification products to be used as probe were labeled by random priming f using [α-3 2 P]dCTP (3,000 Ci/mM). g Restriction endonuclease digestion of KSU-2. Intact KSU-2 was digested with BamHl, and the products were run on agarose gels, transferred to a nylon membrane, and hybridized as previously described using [ 32 P]-labeled purified 492bp PCR amplification product DNA as probe.
Sensitivity. The sensitivity of the E. suis-specific PCR was initially assessed using serial dilutions of KSU-2 DNA (10 -8 -1 ng) as templates for PCR. Following amplification, products were electrophoresed, transferred to nylon membranes, and hybridized with [ 32 P]-labeled KSU-2. DNA extracted from pES was also utilized in sensitivity assays using dilutions of total genomic E. suis DNA (0.0045-900 ng). The dilutions served as templates for PCR, which was followed by electrophoresis, transfer to membranes, and hybridization as described above.
Detection of acute E. suis infection in a splenectomized pig. Preinfection blood samples were taken from a splenectomized pig that was inoculated with E. suis organisms as previously described. 9 Blood samples were taken daily until day 10 postinfection, when maximum parasitemia occurred. DNA was extracted from these samples as previously described, 9 and 10 µ1 of extracted DNA was used as a template for each PCR reaction. The amplification products were electrophoresed on 1% agarose gels, stained with ethidium bromide, and visualized by ultraviolet transillumination. Transfer to membranes and hybridization with [ 32 P]-labeled KSU-2 was done as described above.
Results
Amplification of KSU-2 DNA. In initial PCR reactions, 1 ng of purified KSU-2 was used as template, and the amplified products could be visualized on agarose gels as a single band at approximately 500 bp (Fig.  1 ). Transfer and hybridization of the amplified products with KSU-2 confirmed that sequences within the amplified DNA were complementary to KSU-2 sequences ( Fig. 1) .
Specificity of the amplification product to the 2.9kb fragment of KSU-2 was confirmed by hybridizing the amplified DNA to a BamHl digest of KSU-2 DNA (Fig. 2) . The amplified product hybridized to both the intact KSU-2 and the 2.9-kb fragment but not to the 2.3-kb fragment. Sequence analysis of the amplification product further confirmed homology of the amplified DNA to a 492-bp sequence of the 2.9-kb fragment (data not shown). . Lane 3 contains HindIII-digested lambda DNA molecular weight markers. On the right is the accompanying Southern blot of the gel which has been hybridized to the EP492 amplification product. Note that the amplification product binds to intact KSU-2 and to the 2.9-kb fragment but not to the 2.3-kb fragment, which confirms the specificity of the amplification product for the 2.9-kb fragment of the KSU-2 molecule.
Amplification of E. suis DNA extracted from blood and pES. The modified quick boil method yielded 3.5-8.5 µg of total DNA from 100 µ1 of E. suis-infected pig blood, uninfected pig blood, cat blood, or pES. Ten microliters of extract (0.35-0.85 µg of DNA) was used as a template for each PCR reaction. Following electrophoresis, all reactions containing DNA extracted from E. suis-infected blood or from pES yielded a band of approximately 500 bp, whereas the reactions containing negative control template DNA showed no amplification product (Fig. 3) . The specificity of these fragments was confirmed by Southern analysis using [ 32 P]-labeled KSU-2 DNA (Fig. 3 ).
Sensitivity. Successful amplification of KSU-2 DNA occurred when ≥ 1 pg was used as template in the PCR reaction (Fig. 4) . The E. suis-specific amplification products were detectable in samples containing ≥ 0.45 ng of pES (representing total E. suis genomic DNA [ Fig.4] ).
Detection of E. suis infection in a splenectomizedpig.
In amplifications completed on blood samples taken sequentially from a splenectomized E. suis-infected pig, no amplification product was present in the preinfection samples; however, a band of approximately 500 bp was present in the sample taken 24 hours postinfection and in subsequent samples from this pig (Fig.  5 ).
Discussion
Successful amplification of a 492-bp fragment (EP-492) of the E. suis genome occurred when PCR amplifications were completed using KSU-2 as the original template. Sequence analysis and hybridization of the amplification fragment to BamHl -digested KSU-2 uct to KSU-2 and to E. suis DNA. Negative controls confirmed that the EP-492 DNA was complementary included blood from uninfected pigs and from cats. to a sequence within the 2.9-kb fragment of KSU-2 Neither of these samples resulted in detectable ampli-DNA. When PCR was performed with DNA extracted fication products when used as templates in PCR. from the blood of E. suis-infected pigs, a fragment of Sensitivity studies indicated that the described PCR similar size was produced that successfully hybridized protocol is capable of detecting as little as 450 pg of to KSU-2. This confirmed specificity of the PCR prod-total E. suis genomic DNA. Estimated genomic weights Figure 5 . Ethidium bromide-stained agarose gel showing amplification products of blood from a splenectomized pig. The arrow depicts a 500-bp DNA marker. Lane 1 contains amplification products from blood taken prior to infection with E. suis; no amplification product is visible. Lane 2 is from blood taken 24 hours postinfection, and amplification product is present as a band of approximately 500 bp. Lanes 3-6 represent amplification products of blood taken 3, 4, 6, and 8 days postinfection, respectively; amplification product is consistently present in all of these samples. of rickettsial organisms range from approximately 1.0 x 10 9 Daltons to 1.5 x 10 9 Daltons. 6 Using this range, 450 pg of E. suis genomic DNA corresponds to approximately 5,000 organisms. With further modification of extraction and amplification parameters, increased sensitivity may be possible.
The ability of the described PCR protocol to detect early E. suis infection in a splenectomized pig was demonstrated by the presence of a 492-bp amplification product from 24-hour postinfection samples. Studies are currently underway to assess the ability of the PCR protocol to detect E. suis infection in nonsplenectomized chronically infected pigs.
The PCR protocol could be utilized for routine diagnosis and pathogenetic studies of eperythrozoonosis in pigs. As a diagnostic test, PCR offers increased sensitivity and specificity over the currently used serologic assays and is readily adaptable to a diagnostic setting. Sample preparation is minimal, consisting of heat lysis of cells and phenol-chloroform extractions to remove porphyrins, which are inhibitory to the PCR reaction. 10 The time required for amplification is 1.5-4 hours, depending on the number of cycles and the type of temperature cycler used. Utilization of PCR as a diagnostic test for E. suis infection would allow accurate identification of infected animals within a herd and epidemiologic studies to determine the prevalence and significance of E. suis infection among pigs.
When combined with a DNA in situ hybridization technique, 2 PCR can aid in the study of the pathogenesis of eperythrozoonosis in pigs. This combination improves detection of target DNA within cells, and the technique is currently being used to study diseases of humans 7 and other animals. 2 Developing a PCR/in situ hybridization technique would enable the researcher to detect low numbers of E. suis organisms within cells and thereby would facilitate "tracking" of the E. suis organisms within the body of infected pigs. A better understanding of the pathogenesis and life cycle of the organism would facilitate the effective therapeutic methods.
development of more
This preliminary study demonstrates the utility of the PCR technique for sensitive and specific detection of E. suis in the blood of experimentally infected pigs. Further studies are currently underway to determine the ability of PCR to detect E. suis in the blood of naturally infected pigs and to evaluate the potential of this technique as a specific and sensitive diagnostic tool through comparison with currently utilized tests for E. suis infection. 
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